Abstract: Twinning and maternal nutritional restriction leads to fetal hypoxia, oxidative stress, and intrauterine growth restriction (IUGR) in near-term sheep pregnancies. Our aim was to determine the effect of oral supplementation of vitamins C and E in pregnant sheep on maternal and umbilical cord blood concentrations of vitamins C and E and the effects on fetal antioxidant status, growth, and placental efficiency. Sixteen single-and sixteen twin-bearing ewes, grazing natural Patagonian prairies, were selected after transrectal ultrasound at day 30 after mating. Half of ewes from each pregnancy rank were supplemented daily with vitamins C and E, administered orally, from 30 to 140 days of gestation, when maternal jugular and fetal venous cord blood samples were obtained during cesarean section. Fetuses were weighed and sexed. Placental weight in each fetus was also obtained. Blood plasma was harvested for measurements of maternal and fetal vitamins concentration and fetal antioxidant capacity. Maternal administration of vitamin C and E was associated with increased fetal cord levels of both vitamins, improved antioxidant status, and enhanced fetal growth in both singleton and twin pregnancies associated with increased placental efficiency. These results highlight the potential of vitamin C and E supplementation to reduce the impact of IUGR in both livestock and humans.
Introduction
Intrauterine growth restriction (IUGR) is the failure of fetuses to reach their genetically established growth rate resulting in low-birth-weight (LBW) offspring and is a concerning issue for both human and veterinary medicine. IUGR has profound implications for mortality and morbidity of LBW neonates and has long-term consequences for growth, health, and performance of these individuals.
Occurrence of IUGR is mainly related to inadequate supply of nutrients and oxygen to the fetus, due to maternal malnutrition and/or placental insufficiency [1] [2] [3] . The sheep has been extensively used as a model for studies on IUGR due to its usefulness for both animal production and biomedical studies [4] and early studies have highlighted the effect of nutrition on fetal growth patterns in sheep [5] . A key feature of sheep, like in humans, is the occurrence of singleton and twin pregnancies. In twinning, maternal undernutrition has a greater impact on fetal growth [6] as twin pregnancies are often related to IUGR induced by placental insufficiency [7] [8] [9] . Twinning, with or without concurrent maternal undernutrition, negatively affects placental development through reduced individual number of placentomes and total placental mass [10] . Such deficiencies in placental development cause inadequate nutrient supply and reduced oxygenation of the fetus [11, 12] . Hypoxia increases oxidative stress and aggravates IUGR effects, as found in fetuses exposed to maternal hypobaric hypoxia [13] . Recently we have also demonstrated that twining and maternal nutritional restriction leads to fetal hypoxia and oxidative stress in near-term sheep pregnancies [14] .
The occurrence and extent of IUGR being primarily related to a weakened antioxidant defense system [15, 16] may be alleviated by the improvement of oxidative stress status during pregnancy [17] [18] [19] . Hence, the supplementation with antioxidant agents may be beneficial for IUGR-compromised pregnancies, as found in previous studies in sheep, in which the deleterious effects of maternal hypoxia-induced oxidative stress may be prevented by the administration of antioxidant vitamins [13, 20] . However, to the best of our knowledge, there is a scarcity of information on the effectiveness of maternal supplementation with antioxidant vitamins during pregnancy in sheep, and notably, their transfer across the placenta and thus fetal availability, and effects on fetal antioxidant status and growth.
Therefore, the purpose of this study was to determine the concentrations of vitamins C and E in maternal and umbilical cord blood after oral supplementation of pregnant sheep, and the effects of such supplementation on the antioxidant status and growth of the fetus. Potential differential effects due to pregnancy rank (singleton or twins) were also assessed. These results have direct implications for the proposed practice of supplementing pregnant sheep with vitamins C and E for preventing or counteracting IUGR, but may also be of translational value to other species and even to human biomedical research.
Materials and Methods

Animals and Experimental Procedure
The present study was carried out at the INIA (National Institute for Agricultural Research) research farm, 65 km north from Punta Arenas, in the Magellan Region (Chilean Patagonia; latitude 52 • The trial involved a total of 32 Corriedale ewes, 3-5 years old, 62.3 ± 1.2 kg body-weight and 2.0-2.5 body-condition-score (BCS; scale 0-5) [21] , carrying singleton (n = 16) or twin pregnancies (n = 16). These females were randomly selected from a group of 200 ewes belonging to the INIA experimental flock. Estrous cycles were synchronized with intravaginal controlled internal drug release (CIDR) devices (CIDR G ® , Pfizer, Chile) and maintained for 12 days, followed by a single i.m. dose of 300 IU equine Chorionic Gonadotrophin (eCG, Novormon ® , Syntex, Argentine) at CIDR removal, with the purpose of obtaining the necessary amount of twin pregnancies for the study. Mating was carried out using 20 fertile proved Suffolk rams with painted chests using a solution of colored earth in food-grade oil, for detection of the exact day of service by daily visual inspection of ewe's colored rumps.
The experimental model was a 2 × 2 factorial design with two treatments (supplemented and non-supplemented with vitamins) and two pregnancy ranks (singleton and twins). Hence, four experimental groups were formed (n = 8 ewes in each group): Two groups of singleton pregnancies, with or without vitamin supplementation (groups SC and SV, respectively), and two groups of twin pregnancies, with or without vitamin supplementation (groups TC and TV, respectively). The number of animals per group was calculated according to variability of fetal total antioxidant capacity at 140 days of gestation previously observed [14] , considering a statistical power of 95% and α = 0.05. These groups were established after transrectal ultrasound pregnancy diagnosis at day 30 of pregnancy (~20% of the total length of ovine pregnancy, estimated in a mean of 148 days). The groups treated with vitamins (groups V) supplemented daily with 500 mg of vitamin C (ascorbic acid) and 350 IU of vitamin E (α-tocopherol) (Veterquímica, Chile) per os, from day 30 of pregnancy onwards. The selected doses of vitamins C and E have been shown to significantly increase the maternal plasma concentrations of both vitamins in pregnant sheep [13] . All the ewes were managed under commercial field conditions, grazing natural Patagonian pastures, which is insufficient to fully satisfy the nutritional requirements of pregnancy [14] .
The evaluation of maternal plasma vitamin levels following supplementation and the transfer of the vitamins to the fetus(es) and potential changes in their antioxidant status was performed near term (140 days of gestation;~95% of the total length of ovine pregnancy). Heparinized (Sodic Heparine ® , Sanderson, Chile) blood samples were collected from the mother by jugular venipuncture, whilst fetal cord samples were obtained by umbilical venipuncture, during cesarean section, performed under maternal spinal anesthesia by injection of 2 mL 2% Lidocaine hydrochloride (Lidocalm ® , Drag Pharma, Chile) into the sacrococcygeal space. Immediately after collection, blood was centrifuged at 1200× g for 10 min to obtain the plasma which was separated and stored into polypropylene vials at −80 • C until assayed. The fetus(es) and ewe were immediately euthanized by barbiturate overdose (Opet ® , Pro-Vet, Chile), and fetuses and placentas were extracted. Excess of fetal fluids were hand stripped and the fetal weight and sex were recorded. Total placentome weight was obtained after dissecting and weighing each placentome individually. Furthermore, placental efficiency was also calculated in accordance to Richter et al. [22] .
Measurement of the concentrations of vitamin C and E in plasma was performed by high-performance liquid chromatography as previously described [13] .
Assessment of the total antioxidant capacity (TAC) in plasma was performed using a colorimetric antioxidant assay kit (Cayman Chemical Company, Ann Arbor, MI, USA), according to the instructions of the manufacturer and our own experience with ovine blood plasma [23] .
Statistical Analysis
Analysis of variance (GLM; SAS Institute Inc., Cary, NC, USA) was used for determining the effects of treatment (control vs. vitamins supplementation), pregnancy rank (single and twin) and their interactions. The model did not include the effect of fetal sex, since this was found not statistically significant in a first test. The Pearson correlations between maternal plasma vitamins concentrations and fetal cord vitamin concentrations, as well as between these last and fetal body weight and fetal TAC, were calculated. In addition, a multiple correlation between fetal plasma vitamins concentrations and fetal TAC was also calculated. The differences were considered significant when p ≤ 0.05. The results were expressed as means ± SEM.
Results
Oral maternal supplementation with vitamins C and E increased maternal plasma concentrations of both vitamins (p < 0.05), irrespective of pregnancy rank (Table 1) . Our data also showed that both vitamins were directly transferred to the fetuses since there was a strong positive correlation, in both non-supplemented control and supplemented fetuses, between maternal and fetal concentrations of vitamin C (r = 0.709; p < 0.001) and vitamin E (r = 0.732; p < 0.001), as depicted in Figure 1 . Hence, maternal supplementation with vitamins C and E also increased the concentrations of both vitamins in the samples obtained from fetal cord blood. Consequently, treated fetuses showed higher concentrations of vitamin C (3.58 ± 1.17 µg/mL vs. 2.84 ± 0.72 µg/mL in the control group; p < 0.01) and vitamin E (0.66 ± 0.15 µg/mL vs. 0.55 ± 0.13 µg/mL in the control group; p < 0.05) ( Table 1) . The TAC in fetal cord blood was higher in vitamin-supplemented pregnancies (p < 0.01; Table  1 ). No significant correlations were observed between fetal TAC and maternal or fetal concentrations of vitamins C and E (p > 0.05). However, multivariate analysis showed that fetal TAC was positively related when considered simultaneously the effects of vitamin C and E concentrations at fetal cord blood (r = 0.883, p < 0.05).
Pregnancy rank affected vitamin concentrations and TAC in fetal cord blood, independently of vitamin supplementation, since no interaction between vitamin supplementation and pregnancy rank was found. Singleton fetuses had significantly lower concentrations of both vitamin C and E (p < 0.001) and a trend for higher TAC than twin fetuses (p = 0.06) in both control and supplemented pregnancies ( Table 1) .
The assessment of fetal weight showed that singleton fetuses were heavier than twins (p < 0.01) in both non-supplemented and supplemented pregnancies. Maternal supplementation with vitamins C and E increased fetal weight (p < 0.05) irrespective of pregnancy rank, however, a greater effect was observed in twins compared to singletons (15% vs. 8%, respectively). No vitamin supplementation by pregnancy rank interaction was found ( Table 1 ). The increase in fetal weight was positively The TAC in fetal cord blood was higher in vitamin-supplemented pregnancies (p < 0.01; Table 1 ). No significant correlations were observed between fetal TAC and maternal or fetal concentrations of vitamins C and E (p > 0.05). However, multivariate analysis showed that fetal TAC was positively related when considered simultaneously the effects of vitamin C and E concentrations at fetal cord blood (r = 0.883, p < 0.05).
The assessment of fetal weight showed that singleton fetuses were heavier than twins (p < 0.01) in both non-supplemented and supplemented pregnancies. Maternal supplementation with vitamins C and E increased fetal weight (p < 0.05) irrespective of pregnancy rank, however, a greater effect was observed in twins compared to singletons (15% vs. 8%, respectively). No vitamin supplementation by pregnancy rank interaction was found ( Table 1 ). The increase in fetal weight was positively associated with maternal and fetal concentrations of vitamin C (r = 0.428 and r = 0.424, respectively; p < 0.05), vitamin E (r = 0.605 and r = 0.547, respectively; p < 0.0005) and fetal TAC (r = 0.308, p = 0.05).
Total placentome weight per fetus was higher in singletons compared to twins (p < 0.001). No effect of the vitamins supplementation for this trait and no interaction between pregnancy rank and vitamins supplementation were observed (p > 0.05 in both cases; Table 1 ). Placental efficiency, however, was greater in both twins and vitamin supplemented pregnancies compared to singletons and unsupplemented controls respectively (p = 0.007 for both effects). As for the other traits, no interaction between pregnancy rank and vitamins supplementation was observed (p > 0.05).
Discussion
To our knowledge, this is the first study demonstrating that oral supplementation with vitamin C and vitamin E to single-and twin-bearing ewes from day 30 of gestation, results in a significant increase in the concentration of both vitamins in fetal cord plasma. The increase of circulating concentration of both vitamins in maternal plasma as a consequence of maternal oral supplementation has been previously shown [13] . However, the improvement in the fetal antioxidant status, in addition to the increase of their body-weight independently of pregnancy rank, under normal farming management conditions at sea level, and resulting from increased fetal plasma vitamin concentration, is a novel finding. The present study highlights the potential of strategic interventions with oral antioxidant vitamins during pregnancy, in order to ameliorate the negative impact resulting from maternal stressors, such as twin pregnancy.
In the present trial, maternal oral supplementation with vitamins C and E during almost all of the pregnancies lead to significant increases of both vitamins in ewe blood plasma. This result is consistent with previous studies of our group in pregnant ewes [13] and also in rams after 30 days of treatment [23] using the same oral doses of both vitamins. It is important to highlight that only in recent years it has been accepted that oral vitamin C supplementation is efficient to increase its plasma concentration in ruminants. In a former study, it was reported that vitamin C supplied orally in cows, is destroyed by ruminal microorganisms, and then it is unable to reach the blood circulation and other territories [24] . This was later confirmed in sheep [25] . However, the opposite was demonstrated in other studies showing that long-term oral supplementation with both vitamin C and E in ruminant's leads to increase these vitamins in the blood, which is described in Parraguez et al. [13] .
Fetal body weight was higher in single than in twin pregnancies, which has been systematically reported in sheep and other species [6, [26] [27] [28] . Maternal supplementation with vitamins C and E lead to a 5.8 and 14.5% increase in fetal body weight in singletons and twins, respectively, indicating a greater effect in twins. The fetal weight response to antioxidant vitamins, obtained in twins is consistent with the presence of fetal hypoxia and oxidative stress previously described for this type of pregnancy [14] , and with the effects of vitamins to counteract the action of maternal hypoxia and oxidative stress on fetal growth [13] . However, in the last cited study, no effect of maternal vitamins supplementation was seen in pregnancies bearing singletons developed under normoxic conditions in absence of maternal oxidative stress. A probable explanation for the difference between that study and the present results may be due to differential planes of maternal nutrition. The ewes used in the cited study were maintained under controlled conditions, with a feed supply enough to satisfy requirements; in contrast, the ewes in the present trial were maintained under field Patagonian conditions, whereby pastures do not cover the requirements of pregnancy, leading to decrease fetal oxygenation and a slight decrease in total antioxidant capacity [14] . These results suggest antioxidant vitamins would have a greater impact in undernourished maternal regimes.
The total placentome weight per fetus obtained as the sum of individual weights of all placentomes after dissecting and weighing each individual placentome, was higher in single than in twin pregnancies, which is in agreement with previous reports [26, 29] . Supplementation with vitamins did not have an effect on placental weight consistent with a previous observation in pregnant sheep managed at sea level [13] . According to our knowledge, in the literature there are no other studies, in addition to those cited earlier concerning the combined supplementation of vitamins C and E on sheep placental weight. However, reports on the effects of supplementation of pregnant sheep with antioxidant compounds like selenium [30] or melatonin [31] , show that these antioxidants also do not affect placental weight.
As a result of fetal and placental changes, placental efficiency (defined as gram of fetus produced per gram of placenta) was affected by both pregnancy rank and vitamins supplementation. Twin bearing and vitamins supplemented pregnancies had better placental efficiency indexes. Placental efficiency was about 20% higher in twins than in singleton pregnancies, which is in agreement with a previously reported study, which indicated that placental efficiency increases with litter size [32] . In contrast, Ocak et al. [26] indicated a lesser placental efficiency for twin pregnancies in comparison with single ones. However, the latter study considered the total placental weight of both twins, without differentiation of individual placentas of each fetus, which also contrasts with our study. Placental efficiency was increased by vitamins supplementation, an effect that is discussed in the next paragraphs; however, this seems to be a shared effect between different types of antioxidants [33] . The use of melatonin, a potent antioxidant, in undernourished sheep during pregnancy, improves placental efficiency by upregulating placental antioxidant enzymes [22] and reinforcing the potential role of antioxidants, such as vitamins E and C, to improve placental efficiency and fetal outcome.
The concentration of vitamin C found in fetal cord blood, suggests efficient placental transfer, in agreement with previous studies in guinea pigs [34, 35] . The doses of vitamin C used in the present study were able to increase vitamin C concentrations in fetal plasma by 20% in singletons and 37% in twin fetuses. The concentration of vitamin C reached in fetal plasma was within the concentration range required for acting in vivo as an antioxidant [36] , which confirms that the dosage of vitamin C given to the sheep was adequate. The mode of action of vitamin C supplementation may be based in the increase of nitric oxide bioavailability [36] , which in turn favors placental angiogenesis and neovascularization and increases umbilical blood flow to the fetus to support fetal growth and development [37] .
While maternal vitamin E supplementation increased fetal vitamin E concentrations relative to non-supplemented controls, the concentrations in fetal plasma were very low compared to maternal plasma (13-19% of maternal concentrations), contrasting with the 34-62% observed for fetal-to-maternal ratio of vitamin C. Reduced concentration of vitamin E in fetuses compared to maternal plasma concentration is consistent with previous studies in pigs [38] and humans [39] [40] [41] . These observations support the notion that liposoluble vitamins, like vitamin E, have a much lower placental transfer rate than hydrosoluble vitamins, like vitamin C, as they require facilitated diffusion and therefore, do not achieve the same concentration in the developing fetus [42] . Placental transfer of vitamin E is not completely understood, but there is evidence indicating a pivotal role of α-Tocopherol Transfer Protein (α-TTP), a cytosolic protein primarily described in the liver with high affinity for α-tocopherol, which can be upregulated in case of oxidative stress [43] . Although expression of α-TTP was not measured in the present study, we have previously shown that twin-fetuses exhibit higher levels of oxidative stress markers than singletons [14] , which would explain the higher levels of vitamin E found in twin fetuses in our study, where the TAC level is lower than in singletons and therefore, oxidative stress may be augmented.
Despite the low levels of vitamin E found at the fetoplacental unit, the importance of this vitamin in fetal development is unequivocal [44] , not only because it promotes placental angiogenesis [45] , but also is component of enzymes in critical pathways to enhance immune function [46] . Furthermore, previous research indicates that supplementation with vitamin E enhances the expression and activity of antioxidant enzymes, such as superoxide dismutase and catalase, and that such effect remains for more than two months [47] . Therefore, the increase in fetal growth observed in the present study in both single and twin fetuses in response to maternal supplementation of vitamins C and E is mediated by increased placental efficiency, which could be modulated, at least in part, through increased placental angiogenesis and placental blood flow. Concomitantly, there is increasing evidence that the combination of vitamins C and E together is more effective than separately [48] , which includes pregnancy outcomes [44] . The results of the present study are consistent with these prior studies, in which the improved antioxidant capacity of fetuses was related to the combined action of both vitamins.
Conclusions
The joint maternal administration of vitamin C and E was associated with increased fetal cord levels of both vitamins, improved antioxidant status and enhanced fetal growth in both singleton and twin pregnancies, but with a greater effect in twins. These results highlight the potential of vitamin C and E supplementation to reduce the impact of IUGR. Such result is of paramount importance in twin pregnancies, in which offspring growth and therefore, postnatal survival and development is compromised. Hence, our results open a new line of action for developing future strategies aiming to prevent or counteract the occurrence of IUGR in sheep. These results are, concomitantly, of translational value to human medicine, in which the impact of twinning, and especially discordant twinning, is a main clinical issue. 
